In this study, a new patch-type hot-film sensor is devised to measure wall shear stress, and its measurement accuracy is validated. The sensor consists of heaters on a thin polyimide film and a flexible printed circuit. The film is supported by silicone rubber with a hole in it, which forms a cavity under the heating element to improve the response of the sensor. Static and dynamic response tests show that the sensor properly responds to the wall shear stress and that its roll-off frequency is 10 Hz. Results also show that the sensor can measure the time-averaged wall shear stress in a boundary layer of the wall jet and can detect wall shear stress caused by the velocity gradient of the cross-streamwise profile of streamwise velocity in a boundary layer.
Introduction
The measurement of wall shear stress is useful for understanding the characteristics of the boundary layer and the flow separation/reattachment process. Consequently, many researchers have attempted to measure wall shear stress using various methods.
Miyagi et al. (Miyagi, et al., 2000) measured the wall shear stress of turbulent boundary layers in channel flow using a microelectromechanical system (MEMS)-based microshear stress imaging chip. The sensor was thermal; the sensing part of the sensor was 150 µm long and 3 µm wide. The frequency response of the sensor was 25 kHz. To investigate the characteristics of high shear stress areas (streaks) in the turbulent boundary layer, they determined the physical quantities associated with these high shear stress streaks, such as their length and width. Chandrasekharan et al. (Chandrasekharan, et al., 2011) used the MEMS technique to develop a floating element-based wall shear stress sensor for measuring a turbulent boundary layer. The sensor was designed with an asymmetric comb finger structure and metalized electrodes. The gap between the comb structures changed with the movement of the floating element as a result of the wall shear stress. The wall shear stress was measured by measuring the gap and using a C-V conversion circuit. The variation in capacitance and thus the shear stress of the wall was measured as an output voltage. Groβe et al. (Groβe, et al. 2008 Groβe and Schroder, 2009 Nottebrock, et al., 2011 ) developed a new sensor called a micropillar shear-stress sensor (MPS3) based on a micro-opto-mechanical system. In this sensor, a cylindrical pillar with a diameter of a few micrometers was manufactured from an elastomer. Pillar tip bending was optically detected using a magnifying optical system. The authors applied the MPS3 to high-Reynolds-number, zero-pressure-gradient, flat-plate airflows. The statistical and spectral data qualitatively agreed with the data obtained by using a near-wall hot wire, indicating that energy-containing fluctuations were accurately captured by the sensor. This suggested that the MPS3 represented a potential alternative to existing sensors for measurements of wall shear stress in turbulent airflows. Zhe et al. (Zhe, et al., 2005 ) developed a silicon-based microfabricated floating element motion using either direct or di erential capacitance measurement. The calibration test showed that the sensor could be used for shear levels ranging from 0 to 0.20 Pa; the lowest detectable shear stress level that the sensor could measure was 0.04 Pa, with an uncertainty of 8% for a floating element of 200 µm 500 µm. Many sensors were developed in the previously mentioned studies. However, a sensor is still under development that can measure wall shear stress on a curved surface, such as the surface of a cylindrical duct, with less difficulty (Tu, et al., 2007) . With this background, we fabricated a patch-type hot-film (HF) sensor. This sensor consists of a thin polyimide film and a flexible printed circuit. The film is supported by silicone rubber with a hole in it, which forms a cavity under the heated element and improves the response of the sensor. The advantages of this sensor are the size of the heated element and the ease with which it can be installed and used: it is flexible and requires only a constant temperature circuit. Therefore, this HF sensor can measure wall shear stresses in a broad variety of situations with high spatial resolution.
In this paper, the detailed design of a patch-type HF sensor is shown in Sect. 2. Sect. 3 shows the results of the calibration test and the frequency response test to assess the measurement accuracy of the sensor. Further, some experimental data measured by the sensor in a wall jet are given in Sect. 4 and Sect. 5. Finally, the conclusions are summarized in Sect. 6.
Patch-type HF sensor

Design and fabrication method
Perspective view, Cross-sectional view, and photograph of the patch-type HF sensor fabricated in this study are shown in Figs. 1, 2, and 3, respectively. The sensor consists of heaters on a thin polyimide film and a flexible printed circuit. The film is supported by silicone rubber with a hole in it, which forms a cavity under the heater element that improves the response of the sensor. The structure of the sensor is less than 525 µm. The sensing element of HF sensor is approximately 140 µm (width) 500 µm (length). The detail design of HF sensor is shown in the previous studies (Shikida, et al., 2012 Terashima, et al., 2013 . The sensing element is heated and the temperature is kept constant using the constant temperature circuit (CTC), whose block diagram (Terashima, et al., 2014 ) is shown in Fig. 4 . The overheat ratio of HF sensor is set to 1.1. This sensor can be attached to a curved wall. 
Measurement principle for wall shear stress
The element is heated and the temperature is maintained using a constant temperature circuit. When there is flow on the heated element, thermal diffusion occurs and the temperature of the heated element decreases. When this happens, the resistance of the heated element also decreases. This variation is directly related to variations in the shear stress of the wall. The constant temperature circuit consists of a Wheatstone bridge and an integrated circuit, as shown in 4. The sensor is one of electrical resistance elements of the Wheatstone bridge. When thermal diffusion occurs, the current flowing through the heated element increases and the temperature of the heated element equalizes to the original temperature because the feedback circuit supplies a current to the heated element. Fig. 4 Block diagram of the constant temperature circuit.
Next, the relationship between the shear stress of the wall, τ w , and the output voltage of the constant temperature circuit connected to the sensor, E, is studied. When there is flow on the heated element, the thermal boundary layer shown in Fig. 5 is generated. The following two-dimensional thermal diffusion equation can be applied under the following conditions (Hanratty and Cambell, 1983) ; (1) the flow is homogeneous over the surface of the element; (2) thermal boundary layer thickness δ c is much smaller than the spanwise length of the heated metal so that diffusion in the spanwise direction can be neglected; (3) Forced convection is large enough so that diffusion in the streamwise direction can be neglected; (4) natural convection is small compared to forced convection; (5) thermal boundary layer is small enough so that the influence of turbulent transport in the vertical direction can be neglected.
Here, S is the velocity gradient, x is the coordinate axis of the streamwise direction, y is the coordinate axis of the cross-streamwise direction, δ c is the thickness of the thermal boundary layer, α T is the thermal diffusivity, and T is the temperature. This equation is solved using the following equations and boundary conditions:
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Here, T w is the temperature of the heated element, T air is the temperature of the mean flow, q is the heat transfer rate per unit area, and k T is the thermal conductivity of the heated element. The results are shown as follows. (James, et al., 1966 , Abramowitz, 1965 .
where
Then, the heat transfer coefficient, h, is given as follows,
Here, C P is the heat capacity. Eq. (7) can be also rewritten as follow,
In addition, q may be rewritten using the following equation:
In Eq. (12), I is the current, R is the electrical resistance of the heated element, and A e is the area of the heated element.
When A e is a constant, Eqs. (11), (12) can be rewritten further as follows,
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The term B, which represents the heat loss to the substrate. Equation (15) shows that when the wall shear stress is measured using HF sensor, E is proportional to τ 1 3 w .
Preliminary experiments
Static response test
To determine whether the sensor can detect the shear stress of the wall, the calibration test for the sensor is conducted using a calibration test instrument composed of a rotating cylinder. Figure 6 shows a schematic view of the calibration test instrument. This instrument consists of a rotating cylinder, a flat plate, a traversing system, a continuously variable transmission, a three-phase induction motor, and an inverter. The rotating cylinder has a diameter of 66 mm. The width of the cylinder is 50 mm and it is much larger than the size of the heated element of HF sensor. The sensor is set on the flat plate, and the gap between the surface of the cylinder and the heated element of the sensor is adjusted by 1.5 mm using the traversing system, which can adjust the position to within ±0.01 mm. The number of cylinder rotations per second, N [rps], is controlled by the inverter, which is connected to a motor; N is defined as follows:
where f [Hz] denotes inverter frequency, and P denotes the number of poles in the motor. In this study, the value of P is 4. A cylinder rotating above the sensor generates a flow with a constant shear rate between the surfaces of the cylinder and the sensor (i.e., the velocity profile between the cylinder and the sensor surface is linear). Therefore, the wall shear stress, τ w , on the sensor can be controlled by changing the rotation speed, ω(= 2πN). Then, τ w can be written as follows:
where µ denotes the viscosity coefficient, r denotes the radius of the cylinder, and ∆ denotes the gap between the surfaces of the cylinder and the sensor. The range, ω is 0 ≤ ω ≤ 188 rad/s, which corresponds to 0 ≤ τ w ≤ 0.075 Pa. Figures 7 and 8 show the calibration results of the patch-type HF sensor with the rotating cylinder. In Fig. 7 , the ordinate represents E and the abscissa represents τ w calculated from Eq. (17). The symbols show the measured output voltage of HF sensor, and the solid line shows the fitted line of a sixth-order polynomial expressed by the following equation which is derived from the relation between the wall shear stress τ w and the output voltage of HF sensor E shown in Eq. (17) (Nagaoka, et al., 1997 Hanratty, et al., 1983 . The correlation coefficient of the fitted line is 0.99.
Here, a 1 , a 2 , a 3 , a 4 , a 5 , a 6 , and a 7 are the calibration coefficients. In Fig. 8 , the ordinate represents E 2 and the abscissa represents τ 
The correlation coefficient of the fitted line in Eq. (19) is 0.99. Here, the linear relationship between E 2 and τ 1 3
w cannot be observed when τ 1 3 w < 0.18 Pa 1 3 because the constant shear flow is not generated or the natural convection of the heated element dominates the forced convection by the shear flow.
Dynamic response test
The frequency response of the sensor is a significant factor when determining the maximum frequency for which the wall shear stress fluctuation can be measured. The frequency response test is conducted with the constant temperature circuit shown in Fig. 4 . The test is performed in a shear flow generated by the calibration instrument shown in Fig. 6 . The wall shear stress on the heated element, τ w , is set to 0.064 Pa. The test is performed by applying a sinusoidal heating current, e 1 , to the bridge of the circuit from its first node which is shown "1" in Fig. 4 , and measuring the voltage, e 0 , at the bridge out of the circuit. In the test, e 1 is set at less than 1 V.
The result of the frequency response test is shown in Fig. 9 . The abscissa is the frequency, f , of the sinusoidal heating current, and the ordinate is the decibel form of the relative gain (RG) expressed by Eq. (20) (Terashima, et al., 2014 , Kovasznay, 1965 , Kovasznay, 1966 . Here, f is the frequency of the sine-wave current, j is equal to √ −1, and the time constant, M, is estimated from the gradient (in actual time scale) of the region that increases with the ratio of 20 dB/decade (Terashima, et al., 2014 , Kovasznay, 1965 , Kovasznay, 1966 . Figure 9 shows that the frequency range where RG equals zero, which indicates that the circuit is accurately responding to the sinusoidal heating current, extends to 10 Hz. Therefore, the roll-off frequency of the sensor is 10 Hz, and its temporal resolution is 0.1 s. Figure 10 shows the perspective view of the experimental apparatus of the wall jet. The apparatus consists of a blower, a diffuser, a contraction nozzle, and a test section. The contraction ratio of the nozzle is 12:1. The width, w, of the nozzle exit is 236 mm, and its height, d, is 14 mm. The test section consists of a flat plate and two sidewalls. The size of the flat plate is 500 × 500 mm, and the height of the sidewall is 200 mm. The sidewalls are set vertically in the test section to inhibit entrainment from the surroundings to each side. The RMS value of the streamwise velocity fluctuation at the nozzle exit is less than 1% of the streamwise velocity at nozzle exit U 0 .HF sensor is set at x/d = 30 and z =0. Dummy pieces made of the polyimide film which has the same thickness of the sensor's polyimide film and silicon sheat (i.e., 525 µm) fill the spacing between the spanwise edge of HF sensor and the sidewalls in order to maintain the two-dimensionality of the flow and the boundary layer of the wall jet with reference to the previous studies (Inasawa et al., 2007 Terashima et al., 2012 . By filling the space around the sensor by the dummy pieces, the height of the sensor can be assumed to be 250 nm which corresponds to 0.2 times the diameter of the generally used hot-wire sensor (5 µm) and it also corresponds to about 0.00005 times the minimum boundary layer thickness (5 mm) on the present experimental conditions (x/d=30 and U 0 = 28 m/s). These values indicate that the thickness of the HF sensor is very small and it has little influence on the characteristics of the boundary layer of the wall jet. Figure 11 shows a schematic view of the contraction nozzle of the wall jet and the coordinate system. The coordinate system is as follows: the axial (streamwise) coordinate is x, the vertical (cross-streamwise) coordinate is y, the spanwise coordinate is z, and the coordinates originate at the center of the width and the bottom of the height at the nozzle exit.
Wall shear stress measured in turbulent wall jet
Experimental apparatus
Measuring instrument and data acquisition
The streamwise velocity at the test section of the wall jet is measured by a hot-wire anemometer with a 5-µm tungsten wire probe, which was used in a previous study (Terashima, et al., 2014) . The wall shear stress, τ w , on the surface of the flat plate is measured by a Preston tube (Preston, 1954) . The outer and inner diameters of the Preston tube are 1.5 and 0.8 mm, respectively. In addition, the outer and inner diameters of the static holes on the flat plate are 0.8 and 0.6 mm, respectively. The wall shear stress, τ w , is calculated from the equations obtained by Patel (Patel, 1965) , shown as follows: x * = y * − 2 log 10 (1.95y * + 4.10) (5.6 ≤ x * ≤ 7.6) (23)
Here, ∆P is the pressure difference between the total pressure and static pressure measured by the Preston tube, d * is the inner diameter of the Preston tube, and ρ is the density of the fluid. The Preston tube is connected to a micro-manometer (GC52, Nagano Keiki, Inc.), and the total and static pressures are measured. The signals from the hot-wire anemometer, patch-type HF sensor, and micro-manometer are converted into digital data and saved on a PC via an analog-digital converter with a sampling number of 262,144 and sampling frequency of 10 kHz. Figure 12 shows the cross-streamwise profiles of the mean streamwise velocity, U, normalized by the maximum mean streamwise velocity, U m , at x/d = 30. The abscissa shows that y is normalized by the half-width of the crossstreamwise profile of the mean streamwise velocity, b (i.e., U| y=b = U m /2). line shows the velocity profile experimentally obtained by Verhoff (Verhoff, 1963) , expressed as follows: (Myer, et al., 1963) . The measured results given above (from Figs. 12 and 13) agree well with those in previous studies (Verhoff, 1963 , Myer, et al., 1963 . Therefore, the measurement apparatus and equipment are confirmed to be valid. Figures 14 and 15 show the measurement results of τ w and the output voltage of HF sensor. In Fig. 14, the abscissa shows τ w and the ordinate shows E. The symbols show the output voltage of HF sensor, and the solid line shows the fitted line for a sixth-order polynomial (Nagaoka, et al., 1997) expressed by Eq. (18). The correlation coefficient of the fitted line is 0.99. In Fig. 15 , the abscissa shows τ w 
Results and discussions
The correlation coefficient of the fitted line is 0.99. Figures 14 and 15 show that HF sensor properly responds to the wall shear stress generated by the boundary layer of the wall jet. Additionally, the output signal of HF sensor is accurately expressed by the fitted line presented in previous studies. 
Simultaneous measurement of streamwise velocity and wall shear stress
Experimental conditions and equipment
The streamwise velocity and wall shear stress are simultaneously measured in a boundary layer of the turbulent wall jet. The measurement is performed at x/d = 30 and z/d = 0, with U 0 of 12.9 m/s. The streamwise velocity is measured by means of the hot-wire anemometer shown in the previous sections, with the same sampling number and frequency at 1.35 mm < y < 17.35 mm and with measurement intervals of 0.5 mm. Figure 16 shows the cross-streamwise profile of the time-averaged streamwise velocity U and conditional-averaged streamwise velocity U con . In Fig. 16 , the ordinates show y/b and the abscissas show U/U m and U con /U m . The conditions for the conditional-averaging are the time when the instantaneous wall shear stressτ w becomes 1.1 times bigger than the time-averaged wall shear stress τ w (= 0.23 Pa, Condition 1,τ w > 1.1 τ w ) and 0.9 times smaller than τ w (Condition 2,τ w < 0.9 τ w ) in order to investigate the velocity profiles which causes the strong wall shear stress changes because it is shown that the bursting process which is related to the coherent structures observed in a turbulent boundary layer causes drastic wall shear stress changes more than 10% in our preliminary experiment. The number of the conditional sampling is more than 20,000. The solid line shows the profile of U/U m , the dashed line shows the profile of U con /U m with Condition 1, and the dot-dashed line shows the profile of U con /U m with Condition 2. From Fig. 16 , it is found that the velocity gradient near the wall surface of the profile of U con /U m becomes bigger than that of U/U m in Condition 1 and smaller in Condition 2. Therefore, it can be concluded that the developed patch-type HF sensor can detect wall shear stress precisely caused by the velocity gradient of the cross-streamwise profile of the streamwise velocity. In addition, a possibility that the velocity Next, we estimated the wall shear stress τ w from the mean velocity gradient in the viscous sub-layer with the following equations (Wygnanski, et al., 1992) .
Results and discussions
U + = 5.5 ln y + + 5.5 (32)
Here, U τ and C f are the friction velocity and the dimensionless skin friction coefficient, respectively. In this study, C f is estimated by the method presented by Wygnanski et al. (Wygnanski, et al., 1992) , then we obtained the wall shear stress with Eq. (31). Figure 17 shows the cross-streamwise profile of the normalized friction velocity U + . The abscissa shows y + and the ordinate shows U + . The solid line shows the relation between U + and y + expressed by Eq. (32). From Fig. 17 , it is found that τ w = 0.21 Pa (C f = 0.0078), whereas measured data by means of HF sensor shows 0.23 Pa (C f = 0.0087). These results indicate that there is a difference between the estimated and directly measured wall shear stress and it is less than 10%. This error is due to the slight measurement error of the wall shear stress by means of the Preston tube in this study shown in Fig. 14 and the improvement of its measurement accuracy causes the improvement of the measurement accuracy of HF sensor.
Conclusions
In this study, we fabricated a patch-type HF sensor and checked its dynamic and static response to the wall shear stress. Further, the measurement of the wall shear stress in a wall turbulent jet is also performed by means of the sensor. The results are summarized as follows.
( 1 ) It is found that the newly developed patch-type HF sensor responds to the wall shear stress properly and its roll-off frequency is 10 Hz in the static and dynamic calibration tests.
( 2 ) Time-averaged wall shear stress in a boundary layer of the wall jet can be precisely measured by means of the newly developed HF sensor.
( 3 ) The cross-streamwise profiles of the streamwise velocity conditionally averaged by using the data obtained by means of HF sensor shows that HF sensor can detect wall shear stress precisely caused by the velocity gradient of the cross-streamwise profile of the streamwise velocity in a boundary layer.
( 4 ) There is a difference between the wall shear stress in the boundary layer of the turbulent wall jet estimated from the mean velocity gradient in the viscous sub-layer and the directly measured wall shear stress by means of HF sensor has a difference and it is less than 10%.
